Protoplasts of Bacillus subtilis plated on SD medium form L colonies in quantitative yield and propagate in the L form indefinitely. L bodies or protoplasts placed in 25% gelatin medium form bacillary colonies. Details of the reversion of naked bodies to the walled form are reported. In 25% gelatin medium, reversion begins earlier (about 50% reversion in 4 hr) than the multiplication of bacilli. Thus, virtually all the observed bacillary forms are themselves revertants and not the offspring of a few growing clones. The optimal temperature for reversion is 26 C in 25 % gelatin. When cells reverting at 26 C are warmed to 40 C for 3 min, reversion is delayed markedly, whereas viability is unaffected. For electron microscopy, a dense protoplast inoculum was placed on a gelatin surface, incubated, and then fixed in situ. There was no multiplication, but crowding delayed reversion markedly. Successive events of reversion are as follows. The loose nucleoid of the protoplasts condenses in response to the gelatin medium and condenses further and further as reversion proceeds. A thin coat of wall develops around the bodies of various sizes and shapes and then increases uniformly in thickness until a wall of normal aspect is formed. Rod-shaped cells grow out from these bodies-sometimes in several directions at once. A few mesosomes begin to appear only after a thin coat of wall has been formed. These are dense, atypical structures compartmented by membranes. They are located at the cell periphery and do not seem to be in contact with the nucleoids. Quantitative estimates showed that only 20 to 25% of revertant cells or cells grown on gelatin contain even a single mesosome. The others have no mesosome at all. Mesosomes thus do not appear to play a significant role in reversion, and normal mesosome functions must presumably be performed elsewhere in the cell in gelatin-grown bacilli. The role of cell wall, its synthesis, and its chemical nature in successive steps in reversion are discussed.
When a suspension of Bacillus subtilis in hypertonic medium is treated with lysozyme, the mesosomes are expelled from the interior of the cell into the space between wall and membrane (6, 23, 25) . In this process, the nuclear mesosome pulls its attached nucleoid to the cell periphery, so that the previously concealed deoxyribonucleic acid (DNA)-membrane attachment point is revealed (23, 25) . During subsequent stages of protoplasting, the DNA remains attached directly to the cell membrane without the intermediary of a mesosome (24) . After digestion of the cell wall by the lysozyme, mesosomes are released in the form of corrugated filaments. These may detach or remain attached to the protoplast surface, depending on the Mg2+ concentration (4, 7, 22) .
In liquid medium, protoplasts merely grow in size but are unable to divide. However, when plated on protein-containing hypertonic soft agar medium, each protoplast gives rise to an L colony (14) . Since all the L bodies descended from the inoculated protoplasts are also devoid of wall and mesosomes (25) and incapable of growth in liquid medium, it is evident that the transient lysozyme treatment has triggered a loss of several important cell attributes, which is heritably transmitted through successive cell generations. To account for this heritable persistence, we have postulated that, in the course of cell wall removal, a feedback system essential to normal cell wall formation and to septum formation is interrupted, and further, that reconstitution of this 2154 on October 22, 2017 by guest http://jb.asm.org/ Downloaded from feedback system does not ordinarily take place on soft agar-medium (11, 14, 25) .
By contrast, in other environments, the capacity to manufacture cell wall can be efficiently recovered: membrane filters, hard agar media, and media containing 15 to 30% gelatin induce reversion of protoplasts to the bacillary state (11, 14) . In gelatin medium, reversion may start within 3 hr and may be nearly 100% complete in 8 hr.
In this report, a study is presented of this special process of reinitiation of the bacillary state and of succeeding events as they occur in gelatin medium. Since mesosomes appear regularly at the septum in normal cells, and since they are lost during protoplasting and are totally absent in the L state, we speculated earlier that mesosomes might be the physical counterpart of the postulated wall-septation feedback system (25) . In studying reversion, interest is thus focused on the mesosomes. Does Initially, experiments on reversion were carried out by plating protoplasts or L forms on 30%hO gelatin medium made up in a base of the semisynthetic medium SD. On this medium, an inoculum of either form plates with approximately 100% efficiency-each plated protoplast or L body giving rise to a bacillary colony (14) . To develop a medium which would permit reversion to occur as rapidly as possible, individual constituents of SD medium were separately substituted or omitted and the effect of these changes on the timing of reversion was measured by the gelatin tube method using suspensions of L bodies as inocula. Reversion tests in media containing various types and concentrations of osmotic stabilizers are shown in Table 1 , and tests with various inorganic ions are shown in Table 2 . On the basis of these tests, we adopted "GR" medium as our standard gelatin reversion medium. This medium had the following composition: 250 g of purified pigskin gelatin (Eastman) per liter; 1 g of KNO3 per liter; 0.3 M sodium succinate, pH 7.3; 2 g of glucose per liter; 1 g of NH4NO3 per liter; 0.005 M MgCl2; 1.25 g of acidhydrolized casein (Difco) per liter; and 0.04 g of L-tryptophan per liter. The pH was adjusted to pH 7.3 to 7.6 with NaOH; pH measurements were made on 10-fold diluted samples. Concentrated sterile stock solutions of the ingredients were added to a concentrated gelatin solution in the order in which they are listed.
Preparation of protoplasts for use in reversion experiments. Freshly made protoplasts were used in the reversion experiments rather than suspensions of L bodies, because protoplasts are morphologically much more uniform-a most important consideration when the appearance of new, complex structures must be recognized and interpreted. To prepare protoplasts, we grew bacteria as a lawn on Blood Agar Base plates (Difco) overnight at 37 C from a spore inoculum. The bacteria were then suspended in SLI medium (14) to a density of approximately 1.5 X 108/ml; optical density was measured in a Spectronic-20 colorimeter (Bausch & Lomb, Inc., Rochester, N.Y.). After 4 hr of incubation with shaking at 37 C, the cells were centrifuged, resuspended to the original volume in SL2 (14) medium, and incubated for 90 min more at 37 C. (Sometimes the procedure was interrupted here by freezing the cells. Transfer from SLI to SL2 medium was often accomplished by diluting the culture 1:10 into the latter medium. Neither procedural variation affected the experiments materially.) After sampling for viable count-usually near 109/ml -lysozyme was added to 250 ,ug/ml, and incubation continued for 60 to 90 min more in shallow layers in Erlenmeyer flasks at 33 C without agitation. By using this procedure, survival was usually close to 100% and, as shown by routine platings of these concentrated suspensions, fewer than 0.01% of the cells gave rise to bacillary colonies. The rest formed L colonies.
Measurement of reversion rate by the gelatin tube method. A dense protoplast suspension was diluted in SL2 medium, typically to a concentration of 3 X 106 colony-forming units. Samples (0.1 ml) of this suspension were then inoculated into 0.9-ml volumes of warm (41 C) gelatin reversion medium (GR) contained in graduated conical glass centrifuge tubes. The inoculum was thoroughly mixed with the viscous VOL. 96, 1968 LANDMAN, RYTER, AND FRt-HEL GR medium by using a thin glass stirring rod or a stirrer-driven wire loop in such a way that formation of bubbles was avoided. The "solid suspensions" of protoplasts in gelatin medium, which resulted on cooling, were usually incubated at 26 C. Pairs of tubes were removed for assessment of reversion and viable count at zero-time and various times thereafter. Before sampling, the tubes were warmed to 41 C, 4 ml of warm dilution fluid (DFR; see 17) was added and, after 2 to 3 min of further warming, the gelatin was thoroughly stirred into the DFR to form a homogeneous mixture. Samples were drawn from this mixture, diluted with DFR, and plated. Plates were incubated at 30 C or room temperature, and duplicate or triplicate platings were usually made on both SDM and DP media. The SDM medium contains D-methionine, a reagent which inhibits the overgrowth of L colonies by revertant bacilli (14) . Hence, SDM plates permit the distinction between revertant and protoplast-like (L-colony-forming) inoculum cells to be made at leisure. DP plates must be scored within 48 hr to be certain that none of the L colonies have become overgrown by bacillary revertants arising on the plate; however, growth on DP medium is more rapid and also somewhat more dependable.
Reversion procedure used in electron-microscopy experiments. A 10-ml amount of the concentrated protoplast suspension was centrifuged at 12,000 X g at 10 C and resuspended in SL2 medium. This suspension was then centrifuged and resuspended and centrifuged once again to remove residual lysozyme. The pellet from this final centrifugation was then taken up in 0.25 ml of R fluid. Samples were plated at low dilutions for assessment of residual bacillary forms and at high dilutions for viable count. Viability losses in these centrifugation steps were irregular, but sometimes were as high as 90%. Samples (0.001 ml) of the undiluted suspension of protoplasts were spotted and then spread in a small area onto GR medium in a small petri dish. This dish was sealed and incubated at 26 C. Approximately 1, 9, 16, 20 , and 24 hr after inoculation, three blocks (4 by 4 mm), each with a spread spot of inoculum, were cut out of the gelatin plate. One of these was examined in the phase microscope to monitor progress of reversion; the second was dissolved in 5 ml of warm DFR fluid for assessment of viable count and reversion on SDM medium. The third block was placed on polyethylene (15 by 6 by 1 mm) in preparation for electron microscopy. One drop of warm AGR agar was then carefully placed on the inoculated surface of this block. The agar held the protoplasts and reverting protoplasts in place at the gelatin surface, so that they remained undisturbed throughout fixation to the time of sectioning, and the location of the inoculated surface was marked for sectioning by the color difference between the two media after fixation. After cooling the agar at 4 C for 15 min, cellophane (from dialysis tubing) was wrapped around the block and its plastic support and secured by stapling in order to fasten the composite block to its plastic support and hold it together. Blocks, plastic support, and cellophane were then placed in a small tube, covered with glutaraldehyde fixing fluid, stoppered tightly, and shipped promptly to Paris for further processing.
Fixation and imbedding. Fixation was carried out by the following procedure. Samples were placed in a fixing fluid containing 4 to 6% redistilled glutaraldehyde in 0.1 M cacodylate buffer, pH 6.0, and were then sent by air from Washington to Paris. Upon their arrival 4 to 5 days later, they were washed gently, with constant agitation, for 5 to 6 hr in Veronal buffer, pH 6.0. The cellophane envelopes were then removed, and the samples were fixed ovemight in osmium tetroxide, according to Kellenberger et al. (10) . After dehydration and impregnation in Vestopal, the small blocks were oriented in the gelatin capsules in such a way that the boundary between the gelatin and agar medium, where the cells are found, was vertical. This boundary served as a good reference point, because gelatin tums black after fixation with oxmium tetroxide, whereas agar remains light brown.
Quantitative estimate of the number of mesosomes per cell. In the course of this research, it became important to make an estimate of the average number of mesosomes per reverting cell. Two different methods were used to arrive at this estimate, both based on the frequency with which mesosomes appear in electron micrographs of thin sections of bacteria. For our calculations, the mean diameters of mesosomes in reverting protoplasts and in normally growing bacteria were required, as well as the mean diameters of both types of cells. These figures were obtained by measuring the largest and smallest diameters of many individual mesosomes and cells on electron micrographs at a known magnification. On the basis of these figures, the probability of traversing an averagesize mesosome in 50-nm thick sections of average-size cells could be calculated. For one of our methods of estimating the number of mesosomes per cell, we required a numerical correlation between the true number of mesosomes per cell in a given population and the number of mesosomes appearing in electron micrographs of thin sections of the same population. Data on the true number of mesosomes per cell were obtained from serial sections (23) The question remains whether the inoculated protoplasts or L bodies increase in number in the L state during a 4-to 6-hr reversion experiment. The answer appears to be no. Except for erratic changes in viable number which were often observed in early experiments with suspensions of L bodies (Tables 1 and 2) , and which can be attributed to clumping plus inadequate stirring on resuspension, the viable count after 4 and 6 hr was normally quite similar to the zerotime count. The quantitative plating data thus indicate that in short-term experiments, multiplication is insignificant and that the inoculated body itself undergoes reversion.
Phase-microscope observations of protoplasts reverting on gelatin medium were also in accord with the conclusion that this process occurs in a fairly synchronous manner (16) and, therefore, that reversion takes place in many bodies before division of revertants takes place on a significant scale.
Influence of the physical state of the gelatin medium and of the immobilization of protoplasts on reversion. It became clear early in our studies that the physical consistency of the medium was an important factor in determining the occurrence of reversion. For example, it was found that reversion was slow on defined or complex medium containing 0.7% agar and rapid on the same medium containing 2%o agar (14) . Further, reversion was markedly stimulated when protoplasts or L bodies were inoculated on membrane filters placed on SD medium containing 0.7% agar, whereas a control inoculum spread directly on the same medium reverted only infrequently (11; D. Clive and 0. E. Landman, Bacteriol. Proc., p. 58, 1968) .
The influence of the physical state of the medium on reversion was also investigated in the gelatin tube reversion system. The effect of temperature and gelatin concentration are shown in Table 3 . The optimal temperature of reversion was 26 C in 25% gelatin medium and somewhat lower at lower gelatin concentrations. We think this optimal temperature is determined by the fact that the gelatin is still firm at 26 C and becomes increasingly soft at higher temperatures. There is no intrinsic limitation to reversion at temperatures beyond 26 C, since, on hard agar, reversion is more complete at 37 C than at 30 C.
Further support for the view that firmness of the gelatin is important to reversion is provided by the observation that reversion is virtually absent in liquid medium containing gelatin and becomes increasingly rapid as the gelatin concentration and hence the firmness of the medium are increased ( Table 3) .
The preceding observations suggested the possibility that, during a step in reversion, the physical immobilization of extracellular products accumulating in the proximity of the protoplast might be required. If the maintenance of a delicate physical juxtaposition (between protoplast and, say, an accumulation of cell-wall synthesizing enzymes) were indeed necessary, even a momentary disturbance of the reverting cell population should delay reversion. To test this possibility, gelatin tubes containing reverting protoplasts were heated at 40 C for 3.5 min at 1.5 hr and 4 hr after the start of incubation. The effect of this brief heat treatment, of longer treatments, and of combined heating-and-stirring treatments upon reversion were checked after 4 and 6 hr of incubation. The results (Table 4) suggest the following conclusions.
(i) Heat treatment at an early stage of reversion (at 1.5 hr in experiments showing rather slight reversion after 4 hr) has only a minor effect on reversion.
(ii) Later heat treatment (at 4 hr) severely affects subsequent reversion. In fact, heat treatment at 4 hr seems to set back reversion by about 2 hr. (iii) Prolongation of the heating from 3.5 to 10 min produces no further effect; stirring of the heated gelatin also has no important effect beyond the heating effect.
These results show that our routine meltingresuspension plating procedure disrupts reversion at the 4-hr stage. Many of the cells which have by then advanced considerably toward reversion "fall back" to plate as L-colony-forming units.
Reversion in concentrated inocula. The foregoing considerations indicate that, to get a true picture of successive morphological stages of reversion, it is important to avoid resuspension and centrifugation of reverting cell populations. For the electron-microscopic study of reversion, it was therefore deemed important to fix the reverting protoplasts in situ. This meant that reversion had to be obtained at cell concentrations sufficiently high for direct observation in the electron microscope. Unfortunately, there is a marked delay in the onset of reversion at high inoculum densities. This delay is documented for a typical experiment in Table 5 chose to go ahead with our electron-microscopic in liquid medium, they generally exhibit large study despite the unexplained difference in timing. centrally positioned nucleoids of irregular shape Electron-microscopic observations during rever-and loose texture (24, 25) . At 1 hr after transfer sion. When protoplasts of B. subtilis are prepared into GR medium, the nucleoids have become smaller and more nearly spherical; their DNA filaments now present a more condensed aspect (Fig. 1) . Occasionally, a point of contact between the DNA and the peripheral membrane is observed (26) .
After 9 hr of incubation, the cultures present a heterogeneous picture. Cells in various successive stages of reversion are seen alongside apparently unreverted protoplasts. During the first obviously visible stage, a thin coating of material (presumably wall material) appears at the outer membrane surface, usually all around the surface (Fig. 3-5 ). Since this material is often in close contact with the gelatin, its boundaries are not very clearly defined and, at the earliest stages, it is not clear whether the coating is continuous. As it thickens, the new wall exhibits a fairly uniform thickness (Fig. 2 and 3 ) and, when it finally reaches its ultimate thickness, it looks like ordinary B. subtilis cell wall. Occasionally, the surface of the cell wall of bacteria in gelatin looks wrinkled and appears festooned with delicate projections (Fig. 11) . This morphological clharacteristic is not related to reversion, since bacilli which have been incubated in gelatin medium often show the same feature (Fig. 8) .
The shape and size of reverting cells is extremely variable; sizes range from smaller-than-bacillus 
a The three gelatin media were warmed to 41 C. Each was inoculated with the same L-body suspension and mixed well; 1-ml volumes were dispensed into shell vials (15 by 45 mm). These were placed on a previously equilibrated temperature gradient plate (12), incubated for 5 (Fig. 3) to much larger ( Fig. 2 and 3) . The branched forms which are often seen are undoubtedly reverting cells in the process of division ( Fig. 2 and 3 (Fig. 6) . These large cells probably contain several nuclear complements (Anraku and Landman, unpublished results). They retain a relatively spherical shape and never show signs of division. Typical mesosomes of tubular or lamellar structure were never observed in reverting protoplasts or in the bacilli they give rise to. Instead, peculiar rounded intracellular structures were found which are limited and compartmented by membranes (Fig. 2, 7-9, 11 ). These membranous structures were observed early in reversion (Fig.  7) as well as in later stages but, at all stages, they are seen only very occasionally. To determine whether these membranous structures are due to the special gelatin environment or whether they arise specifically in conjunction with the reversion process, we studied the fate of mesosomes of normal bacilli after transfer into GR medium. Mesosomes which are initially present in these bacteria are soon expelled from the cytoplasm, presumably because of the hypertonicity of the medium (25) . Some bacteria lyse and some protoplast spontaneously. The surviving bacilli either remain devoid of membranous structures, or, in occasional cells, the peculiar mesosomes appear which previously had been observed in reverting cultures (Fig. 2, 7, 8, 11 ). The fragments of the expelled original mesosomes, located between wall and membrane, remain visible for several hours and finally are sealed off by the formation of a second, interior wall (Fig. 8) .
Evidently, the peculiar structure of the mesosomes observed in reverting cultures is produced by the reversion medium and is not specifically related to the reversion process. Further, control experiments with bacilli multiplying in hypotonic gelatin medium have shown that gelatin alone is sufficient to produce a pattern of mesosome formation quite similar to that observed in reverting cultures. By contrast, cells grown on hypertonic agar media contain the normal number of normal-appearing mesosomes (25) .
The mesosomes of reverting protoplasts and of bacilli emerging from reverting protoplasts are always in contact with the membrane and never penetrate very deeply into the cell interior. Apparently they are not in contact with the nucleoid. In bacilliform cells, they are most commonly found in the vicinity of the developing septa (Fig. 11) .
It has already been noted that, within 1 hr after the inoculation of protoplasts into GR medium, the nucleoids begin to round up and condense. They retain this aspect as long as reversion is delayed; when reversion proceeds, nuclear condensation is accentuated as the walls of the reverting cells increase in thickness. This process culminates in the fully reverted cells which exhibit an extraordinarily compact nuclear structure (Fig. 11) . The direct attachment of nucleoid to membrane-without intermediary mesosomewhich obtains in protoplasts, apparently persists throughout reversion and continues when the reverted cells begin to multiply in the gelatin medium (26). This conclusion emerges not only from the fact that attachment sites of DNA to peripheral membrane can be directly observed, but also from the finding (see below) that most reverting cells lack visible mesosomes entirely.
Associated with nucleoids of reverting and reverted cells, we have repeatedly observed rounded, highly electron-transparent regions (Fig. 10) . The significance of these regions is unknown. They probably represent an accumulation of a substance such as glycogen or lipid.
Estimate of the number of mesosomes per cell in reverting cells. As we have noted earlier, mesosomes appear only very rarely in sections of reverting protoplasts and of bacilli emerging from reversion. This observation suggested that some cells might be completely lacking in mesosomes. To know for certain whether some cells were indeed devoid of mesosomes, we made quantitative estimates of the average number of mesosomes per cell in our reverting populations.
In ordinary cell populations, an estimate of the number of mesosomes per cell can be obtained quite directly by making electron micrographs of serial sections of representative cells, combining these electron micrographs into transparent three-dimensional reconstructions of the cells, and then counting mesosomes directly (23) . Unfortunately, this method could not be applied to our reverting cells imbedded at the gelatin-agar -gelatin interface, since serial sectioning of this material proved to be impracticable.
Instead, an indirect estimate of the number of mesosomes per cell was made by comparing the number of mesosomes appearing in sections of our reverting populations with the number of mesosomes visible in sections of populations where the true number of mesosomes per cell had previously been established by the analysis of serial sections.
Three-dimensional reconstructions of cells from the "normal growing" cell population (Table 6) showed that these cells contained an average of 4.35 mesosomes per cell. A count of mesosomes per bacterial section, made on random electron micrographs from the same population gave 102 mesosomes per 100 sections (Table 6 ). The preceding calculation is valid only if the average cell size and the average size of the mesosomes are similar in the two populations which are being compared. That such is actually the case here is shown in Table 6 , where measurements of these dimensions are given for both reverting and growing cells.
Measurements Reversion in Mg-deficient media. Since Mg2+ ions were found to be required for reversion (Table 2) , we embarked on an electron-microscopic study to determine which of the several processes in reversion was blocked by Mg deficiency. Three different experiments gave rather divergent results, perhaps because the level of residual Mg was not controlled closely enough.
In the first experiment, the protoplasts increased enormously in size and their DNA appeared dispersed at the cell periphery. Wall material could be observed in the 9-hr samples; in cells in early stages of reversion, this material often appeared to be discontinuous (Fig. 12) . A remarkable phenomenon observed in this experiment was the presence of abortive septa at various points at the cell periphery, in seemingly chaotic arrangement (Fig. 13) .
In the second experiment, wall formation began while the reverting protoplasts were still small. The walls were unusually thick and appeared to consist of two layers: a thin, dense inner layer and a thick, spongy, highly electron-transparent outer layer (Fig. 14) . Again, chaotic septum initiation was observed.
In the third experiment, the Mg-deficient samples were indistinguishable from the control samples. DISCUSSION Previous studies have indicated that, if vestiges of cell wall remain attached to the surface of protoplasts of gram-positive bacteria or of spheroplasts of gram-negative bacteria, reversion to the bacillary form proceeds easily (11, 17) . By contrast, if the treatment with penicillin or lysozyme is sufficiently severe to produce complete loss of wall, the cells become committed to the stable L state (11, 13, 17) . Once in this state, a special priming event is required to trigger reinitiation of cell wall formation (11, 13, 14, 25) . It seems certain that, under the conditions used in the present study, reversion is not caused or facilitated by the presence of residual wall material and that, in fact, the special gelatin environment is inducing the reversion of naked B. subtilis protoplasts or L bodies.
The first morphological sign of reversion is the presence of a thin, dense layer surrounding the (Fig. 12) . Further, our observation that brief heating may set back reversion by as much as 2 hr indicates that a delicate physical juxtaposition is being disturbed. This may be explained by envisioning a local accumulation of wall material (or wall synthesizing enzymes) which is not well affixed to the protoplast surface and which is swept away by the fluid motion at 40 C. In our experiments with gelatin tubes, this motion-sensitive accumulation was at its height after 4 hr; 1.5 hr after inoculation, earlier steps in reversion were apparently taking place, since heating at this time was still relatively ineffectual (Table 4) .
Another question of interest in connection with the role of the wall in reversion is the chemical nature of the wall material involved. To obtain evidence on this question we briefly treated reverting protoplasts suspended from gelatin medium with lysozyme prior to plating on SD agar. Such treatments always reduced the number of revertants to very low levels. Evidently, the freshly made wall material is partly or entirely mucopeptide. This inference is bolstered by the recent finding that the cell wall formation step in reversion is insensitive to chloramphenicol inhibition (O. E. Landman and A. Forman, Bacteriol. Proc. 57, 1968) just like mucopeptide synthesis (9) . By contrast, 32p incorporation into teichoic acid is strongly inhibited by chloramphenicol (2) . Both the lysozyme sensitivity and the chloramphenicol resistance data thus suggest that early wall is composed of mucopeptide rather than teichoic acid.
In most of the electron microscopic observations of reversion, no indication of the formation of separate wall layers was encountered. In thin sections, there is simply a progressive thickening of a uniformly textured material as incubation proceeds. An exception was one of the experiments in Mg2+-deficient medium; here a thin, electron-dense inner layer and a thick transparent outer layer were seen. It is not clear at present whether this latter observation was due to an artifact or whether a true layer structure becomes manifest in B. subtilis under Mg2+-starvation conditions. Layered wall structures have been observed in stained preparations of B. polymyxa (19) and in B. megaterium (18) .
Electron micrographs of sections of reverting cells as well as phase-contrast observations (16) show that reverting cells possess a wide array of shapes, including branched shapes and very irregular shapes (Fig. 2, 3, 10 ). Evidently the controls determining the characteristic rod shape of B. subtilis come into play only in later cell divisions, well after reversion has taken place and only after cell wall development is well advanced. Even in reverting spheroplasts, where wall primer has never been absent, reverting forms are highly irregular in shape (29) .
Our observations show that mesosomes appear in reverting cells only after some wall has been laid down. More importantly, most reverting cells in gelatin lack mesosomes altogether, hence it must be concluded that mesosomes do not play an essential role in reversion.
Fragments of the original mesosomes may still adhere to the protoplasts [extruded mesosomes often remain attached to protoplasts (4, 7, 21, 22) ], and these mesosome residues may play a role in reversion, even though no new mesosomes appear. However, this possibility seems to be eliminated by the fact that L bodies descended from the original protoplasts through many transfers revert just as efficiently in gelatin as do the freshly made protoplasts (11, 14; Tables 1-3 ). Extensive direct observations by shadowing and sectioning techniques of the protoplast inocula used in our reversion experiments have not revealed the presence of any adherent mesosome fragments.
The fact that mesosomes never appear before the first cell wall layer has been laid down seems to indicate that they cannot exist in the absence of wall. Since mesosomes seem to consist of corrugated membrane tubes rolled up inside membrane invaginations (4, 7, 22) , it is plausible to assume that a rigid wall casing is required both REVERSION OF PROTOPLASTS OF B. SUBIILIS for the formation and for maintenance of such a structure. Similar considerations apply to septum formation in protoplasts and L bodies. In both of these forms, the division process is severely disturbed as soon as the wall is removed. (In other cell types, however, e.g., liquid-growing L forms or mycoplasma, septation of naked cells may perhaps be taking place, and in B. megaterium protoplasts of cells grown at low pH appear to retain membrane invaginations (20) . In B. stearothermophilus, there is also evidence that the membrane is more rigid than in B. subtilis. Intact protoplasts in this species are partially rod-shaped and perhaps also retain membrane invaginations (1) .
The assumption of the rod shape, the formation of mesosomes, and the ability to septate in B. subtilis all seem to hinge on the prior formation of cell wall. Is the formation of mesosomes similarly a prerequisite, to insure the reappearance of an array of cell functions? Obviously not. Since 75 to 80% of cells in gelatin medium are entirely lacking in visible mesosomes, it is clear that the functions which are attributed to mesosomes can be carried out by the gelatin-grown cells in the apparent absence of this organelle. In particular, the nucleoid seems to be directly attached to the membrane (26) , and septation occurs usually without mediation of mesosomes. Moreover, mesosome-deficient cells appear to be unimpaired in their division rate and overall metabolism; their growth on GR medium is exponential, with a generation time of about 65 min.
Further investigations are required to ascertain the manner in which other presumptive functions of mesosomes are handled in these cells: how the oxidative enzyme systems which are normally concentrated in the mesosomes (5, 15, 27, 30) are now distributed; where and whether the site of membrane phospholipid synthesis is localized (7, 8) in the absence of mesosomes; whether any changes have occurred in localization of wall biosynthesis (8, 28) ; and how the distribution of bacterial chromosomes (23) is managed in the absence of mesosomes.
